Background {#Sec1}
==========

Esrrb encodes nuclear receptor estrogen related receptor β (Esrrb), which belongs to the nuclear receptor family. Esrrb acts as a transcription factor by binding to a specific DNA sequence estrogen related receptor response element (ERRE), which is also known as steroid factor response element (SFRE), or half site estrogen response element \[[@CR1], [@CR2]\].

Esrrb, first cloned in 1988, was not intensively studied until recent years. Knocking out of Esrrb was embryonic lethal due to placental malformation \[[@CR3]\]. Though early studies showed a very limited range of tissues with positive Esrrb expression, recent studies reported that short form Esrrb alternative splicing isoform had a broad range of expression \[[@CR4]\]. Esrrb was found to be a core-reprogramming factor to reprogram Pluripotent Stem Cells (iPSCs) \[[@CR3]--[@CR6]\]. *c*-*myc* and *klf4* of the OSKM (*oct4*, *sox2*, *klf4*, *c*-*myc*) core-reprogramming factors can be replaced by Esrrb \[[@CR5], [@CR6]\]. Esrrb was also recently reported to drive *sox2* transcription and induce iPSC in a single cell system \[[@CR7]\].

Tumorigenesis and tumor progression are related to Esrrb. Esrrb was shown to be down-regulated in prostate cancer epithelium compared to normal prostate tissue \[[@CR8]--[@CR10]\]. Its re-expression in DU145 and LNCaP cells was shown to stimulate tumor suppressor *cdkn1a* (p21) concentration. Also, Esrrb can inhibit Estrogen Receptor transcriptional activity in uterine endometrial cancer cells and Nrf2-Keap signaling pathway in breast cancer cells \[[@CR11], [@CR12]\].

There are a handful of transcriptome-wide expression survey data from Esrrb knockdown in both human iPSCs and mouse embryonic stem cells \[[@CR13]--[@CR16]\]. Known Esrrb controlled genes include *klf4*, *c*-*myc*, *cdkn1a* and *cyp19a1*, but Esrrb target genes in cancer cells are still not known.

This manuscript focuses on the discovery of Esrrb ligand-independent and Esrrb ligand-dependent target genes. We performed RNA-Seq analysis to characterize Esrrb regulated mRNAs in a prostate cancer cell line and we found the treatment of DY131 expanded Esrrb's transcriptional regulation activity to many more genes.

Results {#Sec2}
=======

Establishment of the Esrrb stably transfected DU145 cells {#Sec3}
---------------------------------------------------------

Esrrb expression vector or control pcDNA3.1 (Zeo+) vector were transfected into DU145 cells. After 3 weeks of Zeocine selection, we characterized the Esrrb status by reverse transcriptase (RT)-PCR, qPCR and western blot analysis (Fig. [1](#Fig1){ref-type="fig"}a--c). Our results showed that Esrrb was successfully expressed in DU145-Esrrb cells. Although RNA-Seq showed that DU145-pc3.1 cells had a very small amount of Esrrb expressed (count per million read \<1), the Esrrb concentration is below the detection limit of RT-PCR and western blot. Compared to HEK293 cells, which expressed endogenous Esrrb, overexpression of Esrrb in DU145 cells raised the Esrrb protein concentration to a comparable physiological concentration (Fig. [1](#Fig1){ref-type="fig"}b). In addition, our RT-PCR results and RNA-seq results confirmed the estrogen related receptor gamma (Esrrg) was not expressed in DU145 cells. The absence of Esrrg eliminated any possible functional contamination by Esrrg in our Esrrb studies (Fig. [1](#Fig1){ref-type="fig"}c).Fig. 1Characterization of Esrrb-expressing cancer cell line. Esrrb status of two independent replicates of stable transfected control DU145-pc3.1 and DU145-Esrrb cells are tested by **a** quantitative PCR **b** Western blot and **c** reverse transcriptase PCR. **a** Relative mRNA concentrations of Esrrb were measured by qPCR, Esrrb transcripts concentration were determined by standard curve method and Esrrb concentration were first normalized to the concentration of house keeping gene GAPDH, then normalized to Esrrb/GAPDH ratio of DU145-pc3.1 cells. **b** Total protein was extracted form HEK293, DU145-Esrrb and control DU145-pc3.1 cells. Protein concentration of Esrrb was determined by western blot using GAPDH as internal control. **c** RT-PCR was performed on total RNA extracted from HEK293, DU145-esrrb and control DU145-pc3.1 cells. Esrrb was expressed in DU145-Esrrb cells, while Esrrg is not expressed in either DU145-pc3.1 and DU145-Esrrb cells

Esrrb expression alters mRNA profile {#Sec4}
------------------------------------

To distinguish genes regulated by Esrrb, we performed RNA-Seq analysis on cDNA libraries constructed from two biological replicates of both DU145-pc3.1 and DU145-Esrrb cells. Spearman ranking correlation analysis showed that the expression of Esrrb in DU145 created a distinct transcriptome compared to control DU145-pc3.1 cells (Fig. [2](#Fig2){ref-type="fig"}a). We found 67 genes (21 genes up-regulated, 46 genes down-regulated) altered due to Esrrb expression (Fig. [2](#Fig2){ref-type="fig"}b; Table [1](#Tab1){ref-type="table"}). Seven genes that are among the most changed genes (*zcwpw2*, *hoxb8*, *tagln*, *f13a1*, *pxdn*, *aox1*, and *bmp4*, as well as *tgfβ* as a negative control) were confirmed by qPCR (Fig. [3](#Fig3){ref-type="fig"}). Gene ontology (GO) analysis shows that the products of Esrrb driven differentially expressed genes fell into functional categories of regulation of cell development as well as immune responses (Table [2](#Tab2){ref-type="table"}).Fig. 2Transcriptome correlation and Esrrb altered mRNAs. **a** Transcriptome correlation analysis was performed using Spearman Ranking Correlation. *Color* represents the correlation coefficient. DY131 treatment to DU145-Esrrb cells results in the lowest correlation coefficient with DU145-pc3.1 cells. **b** *Dot plot* of Esrrb-induced gene expression alteration. Genes expressed at adequate level are tested for differential gene expression test. The *plot* was made by plotting the Log2FC (fold change) against the Log2 cpm (count-per-million) difference. *Red color* marks the genes that are significant differentially expressed (FDR \< 0.05), and the *blue lines* marked the Log2FC cutoff value (Log2FC \> 1 or Log2FC \< −1). 67 genes passed both thresholdsTable 1Esrrb altered mRNAsGene symbollogFCP valueFDRAOX1−3.494.89E−1843.19E−180PXDN−2.794.45E−871.16E−83F13A1−2.689.28E−1144.04E−110BMP4−2.591.69E−291.16E−26NPTX1−2.111.06E−461.73E−43SPNS2−1.708.70E−317.09E−28DDX60−1.612.43E−154.46E−13NEFL−1.611.84E−132.85E−11OASL−1.601.30E−257.07E−23IFIT3−1.604.29E−425.09E−39WDR52−1.501.85E−067.40E−05C3−1.437.81E−095.73E−07LOC344887−1.415.01E−201.49E−17PCDHB15−1.416.25E−060.00020978CXorf57−1.411.78E−101.92E−08IFI6−1.381.09E−192.91E−17CXCR4−1.323.23E−060.00011537GBP1−1.311.43E−077.57E−06IGFBP3−1.313.19E−891.04E−85ZSCAN12P1−1.300.000155850.00302695RNF128−1.291.58E−101.73E−08SAMD9−1.292.69E−221.13E−19UNC5A−1.288.28E−073.62E−05MX2−1.271.68E−066.86E−05SSBP2−1.265.96E−050.00141054MX1−1.255.99E−222.37E−19SULT4A1−1.204.94E−050.00120711DPYD−1.191.35E−050.00040257NEBL−1.181.16E−121.62E−10TAGLN−1.185.48E−303.97E−27INA−1.172.47E−050.0006739BMF−1.163.32E−050.00085559ESRP1−1.130.000142060.00283503GJA3−1.121.38E−050.00040614IFIT2−1.111.02E−192.76E−17LOC1005065−1.108.53E−050.0018618RARRES3−1.071.84E−079.68E−06TMEM45A−1.064.69E−060.00016245LGALS3BP−1.054.57E−179.63E−15ERAP2−1.051.83E−503.41E−47WNT10A−1.050.000244170.00440189PADI2−1.041.13E−172.55E−15REEP1−1.010.000247040.0044413AMIGO2−1.018.26E−451.08E−41HES1−0.981.30E−077.01E−06FRMD4B−0.980.000144420.00284746NRIP30.974.28E−146.90E−12HOXB80.983.60E−114.33E−09KCNQ50.985.87E−083.55E−06COX6B20.991.24E−076.77E−06PPFIBP21.046.38E−072.92E−05KIAA11991.061.21E−256.89E−23BST11.084.97E−137.30E−11LOC10013361.130.000199210.00370382SMOC11.151.52E−066.32E−05LOC4414541.159.40E−060.00029713DDIT4L1.182.28E−102.39E−08SEMA3F1.272.08E−206.96E−18DUOX11.355.37E−094.25E−07ARHGAP241.396.40E−106.01E−08CDHR11.442.04E−067.93E−05SDC21.441.49E−081.04E−06SH3RF31.441.32E−050.00039562PRSS81.456.96E−060.00022989TKTL11.903.68E−211.33E−18FGB1.965.57E−222.27E−19ZCWPW25.223.47E−2154.53E−211Fig. 3Esrrb-regulated mRNA validation. *Left panel* qPCR validation of Esrrb-regulated mRNAs. Expression values were firstly normalized to Gapdh and normalized ratios are further normalized to that of DU145-pc3.1. *Error bars* represent standard deviation. Student t test was performed for statistical analysis (\*p \< 0.05). Seven genes were differentially expressed in both RNA-seq and qPCR, 1 gene, TGFbeta, is not differentially expressed in either assay and serves as a negative control. *Right panel* RNA-Seq analysis result, fold change (FC) indicates the ratio of normalized read counts in DU145-Esrrb to that of DU145-pc3.1Table 2Gene ontology analysis of Esrrb altered mRNAsTermCountP valueGO:0060284 \~ regulation of cell development50.006GO:0006955 \~ immune response80.012GO:0009611 \~ response to wounding70.012GO:0042542 \~ response to hydrogen peroxide30.017GO:0050767 \~ regulation of neurogenesis40.022GO:0006800 \~ oxygen and reactive oxygen species metabolic process30.024GO:0060052 \~ neurofilament cytoskeleton organization20.029GO:0000302 \~ response to reactive oxygen species30.03GO:0051960 \~ regulation of nervous system development40.032GO:0031960 \~ response to corticosteroid stimulus30.038GO:0010035 \~ response to inorganic substance40.038GO:0045661 \~ regulation of myoblast differentiation20.039GO:0048667 \~ cell morphogenesis involved in neuron differentiation40.04

DY131 requires Esrrb to affect gene expression {#Sec5}
----------------------------------------------
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GO analysis showed Esrrb-dependent DY131 up-regulated genes were important for regulation of transcription, regulation of apoptosis and proliferation, and a majority of down-regulated genes are related to oxidation and reduction, metabolism and translation elongation (Table [4](#Tab4){ref-type="table"}; Additional file [1](#MOESM1){ref-type="media"}: Table S1).Table 4Gene ontology analysis of Esrrb-dependent DY131-altered genesTerm (down-regulated genes)CountP valueGO:0042273 \~ ribosomal large subunit biogenesis40.007GO:0006297 \~ nucleotide-excision repair, DNA gap filling40.032GO:0006541 \~ glutamine metabolic process40.042GO:0009083 \~ branched chain family amino acid catabolic process50.001GO:0042274 \~ ribosomal small subunit biogenesis50.001GO:0009081 \~ branched chain family amino acid metabolic process50.004GO:0006904 \~ vesicle docking during exocytosis50.016GO:0048278 \~ vesicle docking50.021GO:0006958 \~ complement activation, classical pathway50.031GO:0022406 \~ membrane docking50.038GO:0002455 \~ humoral immune response mediated by circulating immunoglobulin60.008GO:0009060 \~ aerobic respiration60.014GO:0006635 \~ fatty acid beta-oxidation70.001GO:0009062 \~ fatty acid catabolic process70.003GO:0019395 \~ fatty acid oxidation70.005GO:0034440 \~ lipid oxidation70.005GO:0033559 \~ unsaturated fatty acid metabolic process70.019GO:0009064 \~ glutamine family amino acid metabolic process70.020GO:0019228 \~ regulation of action potential in neuron70.024GO:0006289 \~ nucleotide-excision repair70.026GO:0051591 \~ response to cAMP to cAMP80.002GO:0006800 \~ oxygen and reactive oxygen species metabolic process80.021GO:0001508 \~ regulation of action potential80.023GO:0009566 \~ fertilization80.046GO:0044242 \~ cellular lipid catabolic process90.013GO:0007160 \~ cell--matrix adhesion90.032GO:0060627 \~ regulation of vesicle-mediated transport90.046GO:0009063 \~ cellular amino acid catabolic process100.002GO:0045333 \~ cellular respiration100.020GO:0007568 \~ aging100.040GO:0016485 \~ protein processing100.044GO:0006364 \~ rRNA processing110.005GO:0016072 \~ rRNA metabolic process110.007GO:0006887 \~ exocytosis110.022GO:0009310 \~ amine catabolic process120.000GO:0008203 \~ cholesterol metabolic process120.001GO:0016125 \~ sterol metabolic process120.003GO:0042391 \~ regulation of membrane potential120.024GO:0015980 \~ energy derivation by oxidation of organic compounds120.038GO:0042254 \~ ribosome biogenesis130.005GO:0016053 \~ organic acid biosynthetic process140.013GO:0046394 \~ carboxylic acid biosynthetic process140.013GO:0022613 \~ ribonucleoprotein complex biogenesis140.038GO:0016042 \~ lipid catabolic process150.013GO:0006457 \~ protein folding150.016GO:0034470 \~ ncRNA processing150.025GO:0022900 \~ electron transport chain160.000GO:0032940 \~ secretion by cell160.026GO:0016054 \~ organic acid catabolic process170.000GO:0046395 \~ carboxylic acid catabolic process170.000GO:0034660 \~ ncRNA metabolic process190.008GO:0006631 \~ fatty acid metabolic process210.000GO:0046903 \~ secretion220.014GO:0006414 \~ translational elongation250.000GO:0008610 \~ lipid biosynthetic process260.002GO:0006091 \~ generation of precursor metabolites and energy310.000GO:0006412 \~ translation380.000GO:0016192 \~ vesicle-mediated transport390.003GO:0055114 \~ oxidation reduction540.000Term (up-regulated genes)CountP valueGO:0002220 \~ innate immune response activating cell surface receptor signaling pathway20.045GO:0048712 \~ negative regulation of astrocyte differentiation20.045GO:0000724 \~ double-strand break repair via homologous recombination30.020GO:0000725 \~ recombinational repair30.020GO:0045987 \~ positive regulation of smooth muscle contraction40.001GO:0045933 \~ positive regulation of muscle contraction40.002GO:0006940 \~ regulation of smooth muscle contraction40.009GO:0050768 \~ negative regulation of neurogenesis40.015GO:0010721 \~ negative regulation of cell development40.018GO:0006937 \~ regulation of muscle contraction40.050GO:0048704 \~ embryonic skeletal system morphogenesis50.004GO:0048706 \~ embryonic skeletal system development50.012GO:0031344 \~ regulation of cell projection organization50.019GO:0007411 \~ axon guidance50.035GO:0051258 \~ protein polymerization60.000GO:0043623 \~ cellular protein complex assembly60.039GO:0050767 \~ regulation of neurogenesis60.042GO:0048705 \~ skeletal system morphogenesis70.002GO:0060284 \~ regulation of cell development70.031GO:0007018 \~ microtubule-based movement80.000GO:0051960 \~ regulation of nervous system development80.007GO:0006916 \~ anti-apoptosis80.010GO:0007017 \~ microtubule-based process80.027GO:0001501 \~ skeletal system development90.031GO:0006917 \~ induction of apoptosis90.031GO:0012502 \~ induction of programmed cell death90.032GO:0045596 \~ negative regulation of cell differentiation100.001GO:0040008 \~ regulation of growth100.017GO:0043066 \~ negative regulation of apoptosis100.021GO:0043069 \~ negative regulation of programmed cell death100.023GO:0060548 \~ negative regulation of cell death100.023GO:0022403 \~ cell cycle phase100.049GO:0006928 \~ cell motion120.021GO:0042127 \~ regulation of cell proliferation170.018GO:0042981 \~ regulation of apoptosis180.011GO:0043067 \~ regulation of programmed cell death180.012GO:0010941 \~ regulation of cell death180.012GO:0006355 \~ regulation of transcription, DNA-dependent290.047GO:0051252 \~ regulation of RNA metabolic process300.038GO:0006350 \~ transcription430.000GO:0045449 \~ regulation of transcription480.001

Discussion {#Sec6}
==========

Esrrb has gained lots of attention in recent years because of its biological function in stem cells and its ability to reprogram somatic cells to iPSC with *oct4* and *sox2* \[[@CR6], [@CR13], [@CR17]--[@CR21]\]. Several other functions of Esrrb have also been discovered including alteration of energy balance, estrogen receptor and glucocorticoid receptor transcription function modulation, Keap1-Nrf2 signaling inhibition, and tumorigenesis in prostate cancer and endometrial adenocarcinoma \[[@CR9]--[@CR12], [@CR22]--[@CR25]\]. But transcriptome-wide Esrrb function and Esrrb-regulated genes in cancer cells are not well studied.

Esrrb was reported by Chan et al. as a tumor suppressor in DU145 and LNCaP prostate cancer cells using both in vitro and in vivo models \[[@CR9]\]. Expression of Esrrb induced *p21*/*cdkn1a* by directly binding to an ERRE in *p21*/*cdkn1a*'s promoter, arrested cell cycle at S-phase, and significantly inhibited cell growth \[[@CR9], [@CR26]\]. Interestingly, we did not find p21/cdkn1a up-regulation after Esrrb expression alone, but after we treated DU145 cells with 3 μM DY131, we observed a significant increase of *p21*/*cdkn1a* mRNA (Table [3](#Tab3){ref-type="table"}; Additional file [2](#MOESM2){ref-type="media"}: Figure S1). Scrutinizing the data revealed that Chan's lab cultured their cells with full serum, while we used charcoal-stripped serum for cell culture and DY131 treatment \[[@CR9]\]. This implies that there is a compound or factor that can be removed by charcoal treatment modulated Esrrb's activity \[[@CR27], [@CR28]\].

From the Esrrb-regulated gene list, we found a few target genes that are related to the known function of Esrrb. *Kiaa1199* encoded gene product has been shown to associate with cellular mortality. A *kiaa1199* mutation was reported to relate to nonsyndromic hearing loss. Considering the significant effect of Esrrb mutations on human hearing loss, *kiaa1199* could be a mediator of Esrrb mutant related hearing loss \[[@CR29]--[@CR32]\] \[[@CR33]--[@CR36]\]. Another interesting Esrrb responsive gene is *tagln* (Transgelin). It was inhibited by Esrrb while DY131 treatment relieved the inhibition. *Tagln* was reported to promote DU145 cell migration and invasion, indicating Esrrb can also affect DU145 cell behavior by affecting *tagln* \[[@CR37]\].

Judging by the numbers of altered genes induced by Esrrb with or without DY131, and the result that DY131 did not alter any mRNA in the absence of Esrrb, we conclude that DY131 activity is Esrrb-dependent.

Conclusions {#Sec7}
===========

In conclusion, we characterized the transcriptome alteration induced by Esrrb expression as well as Esrrb with its ligand DY131 in prostate cancer cells. We conclude Esrrb-target synthetic ligand requires Esrrb to generate its gene expression modulation effect. Finally, analysis of Esrrb target genes indicates Esrrb may be an important factor in regulating cell proliferation.

Methods {#Sec8}
=======

Cell culture and reagents {#Sec9}
-------------------------

DU145 (ATCC Number: HTB-81) and HEK293 (ATCC number: CRL-1571) cells were obtained from the American Type Culture Collection (ATCC). DU145 cells were cultured in RPMI1640 media (Invitrogen, Grand Island, NY, USA) with 10 % Fetal Bovine Serum (FBS) (GE Healthcare Life Sciences, Logan, UT, USA). HEK293 cells were cultured in Eagle's Minimal Essential Medium (DMEM) (Invitrogen, Grand Island, NY, USA) with 10 % FBS. 70 % confluent DU145 cells were transfected with either pcDNA3.1-zeo (+)-Esrrb expression vector \[[@CR4]\], or control empty vector pcDNA3.1-zeo (+) (Promega, Madison, WI, USA). Empty vector or Esrrb expression vector transfected DU145 cells were maintained in medium containing 150 μg/ml Zeocine (Invitrogen, Grand Island, NY, USA) for 3 weeks for selection. Two biological replicates of DU145 cells transfected with Esrrb were pooled together respectively and were named DU145-Esrrb. Two biological replicates of DU145 cells transfected with control vector were pooled together respectively and were named DU145-pc3.1. Total RNA and protein were collected from cells after they are confluent in 60 mm petri dishes, cultured with phenol-red free RPMI1640 with 10 % Charcoal-stripped FBS \[[@CR38]\]. For DY131 (Tocris Bioscience, Bristol, UK) treatment, cells are plated in 60 mm petri dishes until confluent; DU145-pc3.1 and DU145-Esrrb are incubated with 3 μM DY131 diluted in medium with charcoal-stripped FBS for indicated length of time.

Western-blot {#Sec10}
------------

Total protein was isolated from DU145-pc3.1, and DU145-Esrrb cells. 20 μg protein was loaded on 9 % SDS gels. After the proteins were transferred to nitrocellulose membrane, the membrane was blocked and then incubated with 1:2000 diluted monoclonal anti-Esrrb mouse IgG (R&D system, Cat. no: PP-H6705-00) and 1:2000 diluted polyclonal anti-GPADH rabbit IgG (Santa Cruz, Dallas, TX, USA, Cat. no: sc-25777) at 4 degrees overnight. The membrane was then washed and incubated with anti-mouse or anti-rabbit secondary antibody. Chemoluminescence (Promega, Madison, WI, USA) signals were collected using x-ray films (Fisher Scientific, Pittsburg, PA, USA).

Reverse transcriptase PCR and quantitative PCR {#Sec11}
----------------------------------------------

Total RNA was isolated and purified from DU145-pc3.1 and DU145-Esrrb using RNeasy kit (Qiagen, Venlo, Netherlands). 1000 ng of total RNA was used to create cDNA libraries using Superscript III Reverse Transciptase with random primers and oligodT (Invitrogen, Grand Island, NY, USA). Esrrb mRNA concentration was determined using quantitative PCR (qPCR) (iQ SYBR, BioRad, Hercules, CA, USA) on ABI7500 system (Applied Biosystems, Foster City, CA, USA). PCR condition: 95°, 30 s; 60°, 40 s; 72°, 40 s. Each qPCR test was performed three times on each of the two biological replicates. Primer sequences: *zcwpw2* (Genbank: NM_001040432): forward primer: AACAGGGTTGTCTGTGAGACGGA; reverse primer: TGCAGGAGCTTCTGGGCTGC. *hoxb8* (Genbank: NM_024016): forward primer: GATGCGCC CGCAAGCAGC; reverse primer: CCCAGGGCGTGCGATACCTC. *tagln* (Genbank: NM_001001522): forward primer: ATGCCCCGGATGACTTGGCT; reverse primer: GCCATGTCTGGGGAAAGCTCCT. *f13a1* (Genbank: NM_000129): forward primer: TGTTCCGTGAAATCCGGCCC; reverse primer: TGCACGTCCAG CTCGCCATA. *pxdn* (Genbank: NM_012293): forward primer: GCAAGCATTTAA GGGACTTGCCTCT; reverse primer: GCAAAAATAGCCTCTCGAGCTTCGG. *aox1* (Genbank: NM_001159): forward primer: TACGTGAACGGCCGCAAGGT; reverse primer: TGGCTGGGTGATGCCTTATCCT. *bmp4* (Genbank: NM_001202): forward primer: CCACCACGAAGAACA TCTGGAG; reverse primer: GCCCCTTTCCCAATCAGGGC. *tgfβ*: (Genbank: NM_000660) forward primer: AGTGGACATC AACGGGTTCAC; reverse primer: CGCACGCAGCAGTTCTTCTC. *gapdh*: (Genbank: NM_001256799); forward primer: ACCCACTCCTCCACCTTTG; reverse primer: CTCTTGTGCTCTTGCTGGG. *Esrrb*: (Genbank: NM_004452) forward primer: CAAGAAGCTCAAGGTGGAGAAGGAGGAG; reverse primer: CGGTCTGTCC GTTTGTCTGTCTGTAGGT. *Esrrg*: (Genbank: NM_001134285) forward primer: ACCATGAATGGCCATCAGA A; reverse primer: ACCAGCTGAGGGTTCAGGTAT.

Deep sequencing and differentially expressed genes {#Sec12}
--------------------------------------------------

2500 ng total RNA from two biological replicates was used to generate cDNA libraries using TruSeq Stranded mRNA Sample Preparation kits (Illumina, San Diego, CA, USA). RNA quality and fragment sizing of cDNA library were determined by the University of Missouri DNA core. Deep sequencing was performed by the MU DNA core using Illumina HiSeq 2000 following the manufacture's instruction. Briefly, samples (8 total) were pooled into one lane with each sample annealed to a specific indexed adaptor. 50 bp single end reads were generated. For each sample, approximately 18 million reads were generated in.fastq format (NCBI-GEO, accession number: GES71208). The sequencing reads were trimmed and filtered using FASTX-Toolkit (V 0.0.13) (<http://hannonlab.cshl.edu/fastx_toolkit>), and mapped to genome (UCSC hg18) using TopHat2 \[[@CR39], [@CR40]\]. Gene expression values were determined by gene raw read counts using an in-house tool MULTICOM-MAP \[[@CR41]--[@CR43]\]. Raw reads were normalized to each sample's library size and differentially expressed genes were calculated using R/Bioconductor package edgeR \[[@CR44]\]. Specifically, we kept the genes that have at least 1 count-per-million (cpm) in at least 2 samples and computed the effective library sizes. Pairwise gene expression tests were carried out using exact test. Differentially expressed genes were determined by log2 fold change (Log2FC) (Log2FC ≥ 1, or Log2FC ≤ −1), p value (p \< 0.05) and false discovery rate (FDR \< 0.05) \[[@CR45]\].

Gene set function enrichment {#Sec13}
----------------------------

Gene ontology (GO) analysis was performed using DAVID bioinformatics sources 6.7 \[[@CR46], [@CR47]\]. Differentially expressed genes from certain pairwise comparisons were uploaded to DAVID server (<http://david.abcc.ncifcrf.gov>) and GO analysis were performed for biological process (BP). Minimum counts were set as default value (two counts) and maximum EASE score (*p* value) was set to 0.05. Differentially expressed genes pathway enrichment analysis was performed using Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway \[[@CR48], [@CR49]\]. Gene expression profiles Spearman ranking correlation analysis was analyzed using R (version 3.0.2). Gene expression heat map and hierarchical clustering were created by R/Bioconductor (version 2.13) package gplot.

Statistical analysis {#Sec14}
--------------------

qPCR experiments were performed in triplicate on both biological replicates. T test was employed to statistically analyze whether the differences in gene expression is significant (p \< 0.05). Statistical significance of gene set overlap (Venn Diagram) are tested according to previous reported method \[[@CR17]\].

Availability of supporting data {#Sec15}
===============================

The data sets supporting the results of this article are available in the NCBI-GEO repository, accession number: GSE71208, URL: <http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE71208>.
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10.1186/s12867-015-0049-1 DY131-activated Esrrb regulates p21. **Figure S2.** Full gel images.10.1186/s12867-015-0049-1 Gene ontology analysis result. **Table** **S2.** Esrrb expression with DY131 treatment (control vs. Esrrb + DY131).
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